Purpose Plasmablastic lymphoma (PBL) is a rare variant of diffuse large B cell lymphomas (DLBCL) clinically characterized by a poorer prognostic. Few clinical and imaging data are available and derived from pooled case reports and small series. The aim of the study was to evaluate the FDG avidity at baseline and the utility of 18-Fluorodeoxyglucose (FDG) positron-emissiontomography/computed-tomography (PET/CT) for staging and response assessment. Methods Patients with newly diagnosed PBL seen at Lymphoma Study Association centers during the period 2005-2015 were included if they underwent a PET/CT at staging and at the end of treatment (eotPET) and had received an anthracycline-based first line therapy. EotPET scans were analyzed using the 5-point-scale visual analysis in accordance with Lugano criteria. Patients were classified in complete metabolic response (CMR) or no-CMR including partial metabolic response (PMR), stable disease (SD) and progression disease (PD). EotPET results were assessed for the ability to predict event free survival (EFS) and overall survival (OS). Results Thirty-five PBL patients fulfilled the inclusion criteria. The median follow-up was 34 months (2.8-120 months). FDG avidity was found in all patients at diagnosis. Most patients (80%) achieved CMR, and 20% were no-CMR including 9% PMR, 6% SD, and 6% PD. A CMR after first line chemotherapy predicted higher EFS (p < 0.0001) and OS (p = 0.0006). Conclusions This study confirmed the FDG avidity of PBL subtype and the usefulness of PET/CT scanning in restaging an aggressive lymphoma at the completion of chemotherapy. EotPET can predict outcomes following treatment in patients with PBL.
Introduction
Plasmablastic lymphoma (PBL) is a tumor entity initially described in 1997, and now considered as a subtype of diffuse large B cell lymphoma (DLBCL) [1, 2] . This rare variant of DLBCL is typically associated with immunodeficiency state, especially HIV infection and post-transplant patients, but has also been described in immunocompetent patients, and accounts for approximately 2% of acquired immune deficiency syndrome related lymphoma [3] . Epstein-Barr virus (EBV) seems to be closely associated with the development of PBL especially in immunocompromised patients [4] . A clinically aggressive course and poor prognostic are usually reported, without consensus for the treatment, since most clinical data were derived from cases reports or small series. The role of immunosuppression reduction, local radiotherapy, intensified chemotherapy, anti-CD20 monoclonal antibody or autologous hematopoietic stem cells transplantation remains largely unknown.
Response evaluation is a key issue in defining the best treatment strategy for lymphoma patients, and 18-Fluorodeoxyglucose positron emission tomography/ computed tomography (18-FDGPET/CT) recently emerged as an important tool for chemosensitivity evaluation and response assessment in aggressive 18FDG-avid lymphomas. Because PBL is not clearly reported yet to be an FDG-avid non-Hodgkin lymphoma subtype, 18-FDGPET/CT is not currently recommended in the modified international working group response criteria to stage, survey, and assess treatment response. Thus, data in PBL are still sparse and 18-FDGPET/ CT results have been only reported in few isolated case reports [5] [6] [7] . One such approach could be useful to identify PBL patients with inferior outcomes who may be candidates for novel approaches and research protocols. We have conducted a retrospective cohort study to examine 18-FDG avidity and prognostic utility of 18-FDG-PET/CT imaging in PBL patients undergoing dose-intensive chemotherapy.
Materials and methods

Study patients
We retrospectively screened for eligible patients from the Lymphoma Study Association (LYSA) and newly diagnosed as PBL between June 2005 and June 2015 as part of a previously published study [8] . Inclusion criteria were diagnosis of PBL established by histopathology, immunohistochemistry examinations according to the WHO classification, PET/CT scans at diagnosis and for evaluation of treatment response (eotPET).
18-FDG-PET/CT acquisitions
Baseline PET/CT scans were performed within 4 weeks before initiation of first-line chemotherapy. EotPET were performed within 8 weeks of the completion of treatment. All patients were instructed to fast for at least 6 h before 18-FDG injection. Serum glucose levels were measured using the hexokinase method. Whole-body emission and transmission scans were acquired in the 3D mode 60 min after intravenous administration of 3.5 MBq/kg 18-FDG. Nondiagnostic-quality non-contrast-enhanced CT images were acquired before acquisition of the PET data.
Baseline and treatment response evaluation
Quantitative assessment was performed for each metabolic target lesion using the standard uptake value (SUVmax). A FDG avid lymphoma was defined as the presence of at least one focus of 18-FDG uptake reported at a disease site. A nonavid 18-FDG lymphoma was defined as disease proven by clinical examination, conventional imaging modalities, and histopathology, with no evidence of 18-FDG uptake in the involved sites.
Treatment response was assessed using the revised Lugano classification with the 5PS visual analysis with a cut-off value of grade 4 for positivity [9] . Patients were classified as having a complete-metabolic-response (CMR, 5PS score < 4), or non-complete-metabolic-response (no-CMR, 5PS score ≥ 4) including partial-metabolic-remission (PMR), nonmetabolic-response (NMR) or progressive-disease (PD) according to results of the PET examination. SUV and delta SUV were not analyzed.
CT response was evaluated using the CT based response Cheson 2007 criteria [10] .
Study outcomes
Event free survival (EFS) was defined as the time (in months) from PBL diagnosis to the time of documented disease progression or discontinuation of treatment for any reason. Overall survival (OS) was defined as the time (in months) from PBL diagnosis to death. Patients with documented disease progression or death or who were lost to follow-up were censored from further analysis.
Statistical analysis
We first described the survival experience for the study cohort using the Kaplan-Meier method. We then described the survival experience for subjects stratified on their PET/CT status at post-treatment. Survival curves were compared by the logrank test. All P values of <0.05 were considered to indicate statistical significance. Multivariate analysis was performed using Cox regression methods. Statistical analysis was conducted using the R Core Team (R version 3.1.3, R-Foundation for Statistical Computing).
Results
Characteristics of patients with PBL
Of a total of 135 patients with newly diagnosed PBL [8] , 19 patients did not have 18-FDG-PET/CT available at baseline, 28 patients underwent primary palliative care, and 53 patients with curative chemotherapy did not undergo PET/CT scans after treatment (Fig. 1) . Characteristics of the 35 patients included in this analysis are presented in Table 1 . The most commonly used regimen was CHOP or CHOP-like, in 27 cases. Six patients received anthracycline-based intensive regimen ACVBP (doxorubicin, cyclophosphamide, vindesine, bleomycin, prednisone), EPOCH (etoposide, doxorubicin, vincristine, cyclophosphamide, prednisone), or COPADEM (cyclophosphamide, vincristine, prednisone, adriamycin, methotrexate). Two patients received bortezomib and anthracyclin. Rituximab was given in 12 cases, either for The median follow-up was 34 months (range 2.8-120 months), and no patient was lost to follow-up. At last follow-up, 9/35 patients (26%) died. Death was related to lymphoma progression in eight cases and treatment-related toxicity in one case.
18-FDG avidity in PBL
Staging PET/CT scans were FDG-avid in all PBL patients (35/ 35), with a median SUVmax of 10 (range 4.1-40.2) at a suspected site of disease. Extranodal involvement was observed in 23/35 patients (66%) in the oral cavity, the ear nose throat sites, and the gastro intestinal tractus; 17/35 patients had nodal involvement (49%). Moreover, compared with CT, PET/CT upstaged 4 patients (staging Ann Arbor I to II in 2 patients, and III to IV in 2 patients).
Metabolic response to treatment and survival analysis
Twenty-eight patients (80%) achieved CMR (ten patients with deauville 1, ten with deauville 2, and eight with deauville 3), and 7 (20%) no-CMR including three patients (9%) with PMR (deauville 4), two patients (6%) with SD (Deauville 4), and two patients (6%) with PD (Deauville 5). Concerning conventional CT response, 29 patients (83%) achieved CR, two patients (6%) with PR, two patients (6%) with SD, and two patients (6%) with PD. A difference between conventional CT and PET metabolic response was observed in one case (radiological complete response and partial metabolic response). Patients with a CMR had more localized stage and low IPI compared to patients who did not achieved CMR, even though it did not reach significance (p = 0.07 and 0.08, respectively). HIV infection, EBV viral load, EBER and cmyc expression were not correlated to PET response.
PBL patients with a positive post-treatment PET/CT were associated with a statistically significantly inferior EFS (p < 0.0001) and OS (p = 0.0006). The median EFS and OS survival based on post-treatment PET/CT status (positive vs negative) were 7 months vs 45 and 22 months vs 87, respectively (Fig. 2) . Among the clinical parameters, only IPI score was associated with EFS (p < 0.0001) and OS (p = 0.01).
Discussion
In our study, we confirmed that PBL is an FDG-avid nonHodgkin lymphoma subtype since all baseline PET/CT were positive. Moreover, post-therapy PET/CT scans are predictive of EFS and OS. Over the past decade, the utility of 18-FDG-PET imaging in the management of lymphoma has markedly expanded. Whereas in DLBCL and Hodgkin lymphoma, there is a robust literature to support the use of PET/CT to identify patients at high risk for failure [11, 12] , the data in other lymphoma subtypes are limited by the lack of prospective data, the heterogeneity of patient populations or treatment strategies, and most importantly, the lack of uniformity in the way FDG-PET imaging is interpreted. In the case of PBL, there was no evidence to support the use of FDG-PET for staging and response assessment since very few reports underlined the usefulness of PET/CT in PBL characterization and staging [5] [6] [7] . This recommendation is in part because of paucity of data available in the literature. Furthermore, no previous studies tested the ability of PET/CT to evaluate response to treatment in PBL. In our study, we used established objective criteria to define PET/CT status. Therefore, the patient population, treatment approach, and response criteria are clearly defined and hence reproducible for future prospective validation studies. This study is also the first attempt to test the use of PET/CT in restaging an aggressive lymphoma and evaluating response at the completion of chemotherapy using the Lugano criteria. In this small cohort, PET/CT upstaged 11% of patients compared with CT, and there was a good correlation between radiological and metabolic responses since difference between responses was observed in one case (radiological complete response but partial metabolic response; radiotherapy on the residual localization which permitted complete response).
Furthermore, we report that PBL is an FDG-avid NHL subtype. Indeed, this subtype is highly aggressive with a high Ki67 and a plasmablastic differentiation that could explain the FDG avidity. Therefore, pre-treatment 18-FDG-PET/CT could be recommended and should be incorporated into the design of future prospective clinical trials to validate these results.
Finally, our results demonstrate that 18-FDG-PET/CT is highly predictive of outcome in PBL subtype in firstline therapy and appears to be useful to identify PBL patients with inferior outcomes who may be candidates for novel approaches and research protocols. However, the relative good survival in our cohort as compared to the initial cohort of 135 patients with a median OS and EFS, respectively, of 32 and 22 months [8] could be explained by (i) the selection of the patients having underwent baseline and eotPET, that is, intensive chemotherapy treated patients, excluding early death patients that corresponded to a selection bias, and (ii) the absence of recommendation for this rare entity. The other limitations of the study would be the retrospective analysis with a low percentage of patients undergoing both baseline and eotPET, due to the aggressive disease with many patients with palliative care with no available PET evaluation. Nevertheless, these limitations did not influence the good performances of PET/CT found in this entity.
In conclusion, this study suggests that 18-FDGPET/CT is a promising imaging modality for diagnosis and response evaluation of PBL and could be recommended as well for all DLBCL subtypes. However, further prospective investigation with large patient enrolment is warranted to confirm these findings.
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